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Several potential drivers of avian tooth loss have be n proposed, although consensus remains 27 
elusive as fully toothless jaws arose independently numerous times among Mesozoic avialans 28 
and dinosaurs more broadly. The origin of crown bird edentulism has been discussed in terms 29 
of a broad-scale selective pressure or trend toward toothlessness, although this has never been 30 
quantitatively tested. Here, we find no evidence for m dels whereby iterative acquisitions of 31 
toothlessness among Mesozoic Avialae were driven by an overarching selective trend. 32 
Instead, our results support modularity among jaw regions underlying heterogeneous tooth 33 
loss patterns, and indicate a substantially later transition to complete crown bird edentulism 34 
than previously hypothesized (~ 90 MYA). We show that patterns of avialan tooth loss 35 
adhere to Dollo’s law and suggest that the exclusive urvival of toothless birds to the present 36 
represents lineage-specific selective pressures, irr ve sibility of tooth loss, and the filter of 37 
the K–Pg mass extinction. 38 
 39 
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Introduction 43 
The toothless beak is among the most characteristic features of the crown bird 44 
bauplan, and toothlessness has been hypothesised to increase the evolvability of crown bird 45 
jaws, partially underlying their sensational morphological disparity (Louchart & Viriot, 46 
2011). Numerous potential drivers of avialan tooth l ss have been proposed, including 47 
selection for flight-related weight reduction (Diliger, 1957; Feduccia, 1998; Proctor & Lynch, 48 
1998) (though see [Zhou et al., 2019; Lautenschlager et al., 2013]), selection for rapid 49 










favouring alternative modes of food processing (Louchart & Viriot, 2011; Lautenschalger et 51 
al. 2013; Wang et al., 2017; Ksepka, et al. 2019), and selection for preening efficacy (Naish 52 
2014; Mayr 2016). However, consensus remains elusive, as fully toothless jaws arose 53 
independently numerous times among Mesozoic avialans and dinosaurs more broadly 54 
(Louchart, A. & Viriot, L. 2011; Dilger, 1957).  55 
The origin of crown bird edentulism has been discused in terms of a trend or 56 
selection toward toothlessness (Dilger, 1957; Zhou et al. 2019; Lautenschlager et al., 2013; 57 
Yang & Sander, 2018), implying an overarching selectiv  pressure favouring edentulism 58 
throughout avialan evolutionary history as opposed to localised selection acting on subsidiary 59 
lineages as interpreted in other studies (O’Connor, 2019; 2020). For example, Zhou et al. 60 
(2019) justified their assumption of overarching selection favouring tooth loss in Avialae on 61 
the basis that it evolved numerous times independently: “Tooth loss occurred independently 62 
in several early avian lineages (Zhou and Zhang, 2006; Zhou et al., 2009; Davit-Béal et al., 63 
2009), suggesting that reduction and eventual disappe rance of the dentition might have 64 
conferred some broadly applicable selective advantage” (Zhou et al., 2019, pg 39). However, 65 
no studies had previously tested whether avialan ede tulism was associated with increased 66 
rates of diversification (i.e. higher speciation rates and/or lower extinction rates), as would be 67 
predicted by overarching directional selection for a toothless bill through the Mesozoic, nor 68 
had they evaluated whether patterns of tooth loss across Avialae actually follow trend-like 69 
patterns. Such an interpretation does not align with other clades in which edentulism has 70 
arisen numerous times independently, such as crown mammals (Davit-Béal et al. 2019), 71 
which have never been suggested to exhibit a generalised trend toward edentulism.  72 
The hypothesis of long-term selection or a trend toward edentulism in Avialae can be 73 
tested in two ways: identifying a shift in diversification rates associated with tooth loss could 74 










& McCune, 2010), while demonstrating that regional losses of teeth within the jaws are more 76 
likely to lead to further losses of teeth would support the progression of edentulism 77 
throughout the jaws in a trend-like manner. We apply state-dependent diversification methods 78 
and evolutionary modelling to show that tooth loss had a negligible impact on avialan 79 
diversification, providing no evidence for a link between toothlessness and accelerated 80 
cladogenesis. We also found no evidence for models whereby iterative acquisitions of 81 
toothlessness among Mesozoic Avialae were driven by an overarching selective trend. 82 
 83 
Results and Discussion  84 
No Long-Term Selection Toward Toothlessness in Avialae 85 
State-dependent diversification (SDD) methods (FiSSE [Rabosky & Goldberg, 2017)] 86 
and HiSSE [Beaulieu & O’Meara, 2016]) reject the hypothesis that edentulism provided a 87 
selective advantage throughout the evolutionary history of Avialae (operationally defined 88 
here as the clade uniting Archaeopteryx and crown birds). Speciation rates inferred by FiSSE 89 
were higher in toothed avialans than in toothless avial ns (Fig.1a). However, these 90 
differences were never significant (p<0.05), implying that diversification rates were not 91 
substantially affected by the presence or absence of teeth (Supplementary Table 2). HiSSE 92 
analyses fit a null model better than a state-dependent model, suggesting that avialan patterns 93 
of speciation and extinction were unrelated to tooth l ss (Fig 1b). These results are consistent 94 
when considering transitions to complete toothlessn, as well as transitions to regional 95 
edentulism in the premaxilla, maxilla, and dentary (Supplementary figs 1-6). We confirmed 96 
that these results are not an artefact of incomplete sampling with a taxonomic jackknifing 97 
approach (Close et al., 2015). Although the range of rate values and Akaike weight scores are 98 










trait-dependant model of diversification (Supplementary Fig. 7) and found no significant 100 
difference between speciation rates of toothed vs toothless taxa (Supplementary Fig 8). 101 
We also found no evidence for a general trend toward edentulism throughout avialan 102 
evolutionary history. Loss of teeth in one region of the upper jaw (e.g., premaxilla) did not 103 
increase the likelihood of tooth loss in another region of the jaw (e.g., maxilla), and vice 104 
versa. Instead, model fits supported the premaxilla and maxilla as discrete modules with 105 
largely independent trajectories with respect to tooth loss and tooth retention (Fig. 2a), which 106 
is understandable in light of the differing populations of primordia, tissues, and cells from 107 
which these elements arise (Helm & Schneider 2003, Schneider & Helms 2003; Wang et al. 108 
2020a). The independent patterns of tooth loss in the premaxilla and maxilla provide 109 
evidence against strong directional selection driving transitions to toothlessness across 110 
avialans. While there are several instances of tooth-loss in the premaxilla coinciding with that 111 
in the maxilla (e.g., Confucuisornithidae, Gobipteryx, Schizooura), there are also numerous 112 
instances where the evolution of toothlessness in one region occurred independently of the 113 
other (e.g., Jeholornis, Longipterygidae), or where the evolution of toothlessness in one 114 
region preceded that in the other by more than 30 million years (Ornithurae). These 115 
idiosyncratic patterns, combined with the results of our model-fitting analyses, indicate that 116 
transitions toward regional or complete tooth loss in Avialae reflect lineage-specific patterns, 117 
rather than a broad-scale trend toward toothlessnes across Avialae.  118 
In contrast to the largely modular behaviour of the anterior and posterior regions of 119 
the upper jaw, the anterior and posterior regions of the lower jaw exhibit tighter integration, 120 
most likely because the only ancestrally tooth-bearing element (the dentary) comprises a 121 
single bone derived from paired mandibular primordia uring embryonic development 122 
(Schneider & Helms 2003) (Fig. 2b). However, several avialan fossils illustrate that teeth 123 










region of the dentary (e.g., Jeholornis only exhibits teeth in the anterior portion of thedentary 125 
[Zhou & Zhang 2002]), demonstrating that, although more integrated than the upper jaw, the 126 
lower jaw may exhibit comparable patterns of regional edentulism (Fig. 2b). 127 
Idiosyncratic trajectories toward full edentulism are observed across Avialae. For 128 
example, within Enantiornithes, instances of maxillry tooth loss preceding premaxillary 129 
tooth loss are observed (Fig 3), and are further substantiated by the recent description of the 130 
probable latest Cretaceous enantiornithine Falcatakely (O’Connor et al. 2020). By contrast, 131 
the route to neornithine toothlessness began with the loss of premaxillary teeth from 132 
otherwise fully-toothed jaws: Hesperornithes and Ichthyornis (the immediate outgroups to 133 
Neornithes) exhibit only maxillary teeth in the upper jaws (Fig. 3). However, this 134 
directionality is not universal among ornithuromorphs; taxa within Schizoouridae appear to 135 
have lost their maxillary teeth first (Schizooura is entirely edentulous, while Mengciusornis 136 
exhibits only premaxillary teeth) (Wang et al. 2020b). 137 
The origin of crown bird edentulism has been discused in terms of a broad-scale 138 
selective pressure or trend toward toothlessness (Dilger, 1957; Zhou et al. 2019; 139 
Lautenschlager et al., 2013; Yang & Sander, 2018), although the hypothesis of such 140 
dynamics underlying the origin of crown bird toothlessness has not been quantitatively tested. 141 
In light of our results, we contend that the numerous iterative transitions to toothlessness in 142 
Avialae reflect selection on a phylogenetically localized scale combined with an underlying 143 
developmental propensity for tooth loss, instead of the outcome of long-term directional 144 
selection.  145 
We posit that explorations of the evolutionary dynamics of Mesozoic avialan 146 
edentulism have been unduly biased by the fact that all crown birds are toothless. Indeed, the 147 
ubiquity of edentulism in crown birds—characterizing all > 10,000 living species, and the 148 










2020)—appears to be a mere artefact of survival. Avian survivorship to the present day was 150 
strongly influenced by the end-Cretaceous mass extinction 66.02 Ma (Clyde et al. 2016), a 151 
single event through which only Neornithes are know to have survived (Feduccia, 1995; 152 
Longrich et al. 2011; Prum et al. 2014; Field et al. 2018a). Although the toothless bill of 153 
avian survivors may have been well-suited to exploiting resources such as insects and seeds 154 
in the extinction’s aftermath (Larson et al. 2016; Field et al., 2018a), the fact that only 155 
toothless avialans have persisted to the present day appears to have more to do with patterns 156 
of extinction and survival across the end-Cretaceous mass extinction event—which may have 157 
been unrelated to dentition—than with any long-term directional trend toward avialan 158 
edentulism throughout the Mesozoic.  159 
 160 
Timing the origin of crown bird toothlessness  161 
Crown birds comprise a single clade (Neornithes) to the exclusion of all known 162 
toothed avialans, and their present-day edentulism presumably reflects a single evolutionary 163 
transition to toothlessness in the Late Cretaceous (Meredith et al. 2014a). Our median 164 
estimate for the timing of the transition to full edentulism in the upper and lower jaws 165 
homologous with the condition in crown birds is slightly less than 90 million years ago (Fig. 166 
3). The median age estimate for the transition to a toothless maxilla homologous with that of 167 
crown birds is 88.46 MYA (range of estimates = 104.33-67.25, with a skew toward earlier 168 
ages), and the median age estimate for the transitio  to a toothless dentary homologous with 169 
that of crown birds is 87.55 MYA (range = 104.28-67.19, with a similar skew). Both of these 170 
are substantially younger than previous estimates (116 MYA [Meredith et al. 2014a]). 171 
 172 










Dollo’s Law (Gould, 1970) posits that complex features lost through evolutionary 174 
change are unlikely to be re-acquired in the same form. Tooth loss has been cited as a 175 
conspicuous example of Dollo’s Law: of the numerous avialan lineages that have evolved 176 
complete edentulism, none are thought to have undergon  a reversal to a toothed state 177 
(Louchart & Viriot, 2011; Collin & Miglietta, 2008) (although complete dentition in 178 
Enantiornithes optimized as an evolutionary reversal in t least one parsimony analysis 179 
[Turner et al. 2013], this inference has been interpreted as unlikely to be accurate [Mayr 180 
2016]). In a notable non-avian example, teeth are thought to have re-evolved in the 181 
previously toothless dentary of the frog Gastrotheca guentheri (Wiens 2011). However, 182 
unlike the situation in crown birds, the ancestral condition for G. guentheri was not complete 183 
edentulism, since frogs maintain teeth in their upper jaw. Despite independently acquiring 184 
tooth-like projections formed by the rhamphotheca and sometimes the underlying jaw bones 185 
several times (e.g., Pelagornithidae, mergansers [Anatidae: Mergini], plantcutters 186 
[Phytotoma: Cotingidae] (Louchart et al. 2013, 2018; Kennedy, 1948; Mirwan & Green 187 
2012), crown birds have never reacquired teeth. Talpid2 mutant chicks can develop tooth 188 
buds (Harris et al. 2006), illustrating that at least some birds retain the genetic underpinnings 189 
of tooth development, but this is a lethal mutation. Indeed, the genome of the Red Junglefowl 190 
shows that genes necessary for enamel formation have been lost, precluding the full 191 
development of teeth (International Chicken Polymorpism Map Consortium 2004).  192 
Our model-fitting analyses support the irreversibility of tooth loss across Avialae (Fig. 193 
2, Table 1): Patterns of toothlessness across avialan phylogeny best fit models of evolution 194 
where transitions from a toothless to a toothed state h ve instantaneous transition 195 
probabilities of zero (Table 1). Stochastic mapping across our maximum clade credibility tree 196 
under the best-fitting evolutionary model suggests at least five independent transitions to 197 










origin of Confuciusornithidae, within Enantiornithes, separately along the lineages leading to 199 
the ornithuromorphs Archaeorhynchus and Schizooura, and preceding the origin of crown 200 
birds (Neornithes). Indeed, Mengciusornis—a recently described Cretaceous ornithuromorph 201 
inferred to be a close relative of Schizooura—exhibits teeth in its premaxilla (Wang et al. 202 
2020), helping to corroborate our inference that the transition leading to toothlessness in 203 
Schizooura occurred independently from that of Archaeorhynchus. Additional potentially 204 
independent transitions to toothlessness among taxa not sampled in our phylogeny include the 205 
ornithuromorph Eogranivora (Zheng et al. 2018), and the ornithothoracine Xinghaiornis 206 
(Wang et al. 2013). 207 
Notably, our stochastic mapping approach did not identify any probable reversals 208 
from a toothless state to a toothed state in the premaxilla, maxilla, or dentary throughout 209 
avialan evolutionary history. Although repeated independent acquisitions of pointed jaw 210 
projections such as pseudoteeth provide prima facie evidence for the selective benefit of 211 
tooth-like projections in some neornithine subclades subsequent to tooth loss (Louchart et al. 212 
2013, 2018), these instances have never led to a reversal to a toothed state. As such, avian 213 
edentulism adheres to the expectations of Dollo’s Law.  214 
 215 
Limitations of Study 216 
Limitations of the present study are primarily relat d to the nature of the Mesozoic 217 
avialan fossil record. All fossil records are incomplete, and that of Mesozoic birds has been 218 
shown to be biased by incomplete preservation and heterogeneous human sampling 219 
(Brocklehurst et al. 2012). The incompleteness of many Mesozoic avialan specimens 220 
(Brocklehurst et al. 2012) imposes limits on the methods we were able to use to evaluate 221 
evidence for sustained selective pressures or trends throughout avialan evolutionary history. 222 










would have been possible to treat tooth number as a continuous character, enabling 224 
exploration of selective pressure towards tooth loss in the context of an Ornstein-Uhlenbeck 225 
model (in which a trait is drawn to an adaptive peak), or explicit testing of continuous trend-226 
like models. However, since most of the taxa investigated here are represented by variably 227 
incomplete fossil remains, requiring such precise counts of tooth numbers would have 228 
necessitated the exclusion of many taxa from our analyses. Instead, discrete characters 229 
representing presence/absence of teeth in particular regions were generated, with SDD 230 
methods used to assess selection and analyses of character interdependence applied to assess 231 
trends. We consider this approach to represent a satisfactory compromise in light of the 232 
available data. 233 
SDD methods have been shown to be impacted by incomplete sampling (Harvey & 234 
Rabosky, 2018; FitzJohn et al. 2009). However, by using a taxonomic jackknifing approach 235 
(where analyses were repeated on a dataset from which taxa were removed at random [Close 236 
et al. 2015]), we illustrated that variations in our taxon sample did not induce substantial 237 
changes in our results. We therefore consider our sample adequate to support robust 238 
conclusions on state-dependent diversification. 239 
 240 
Conclusions  241 
It may be tempting to assume that the origin of neor ithine endentulism reflects the 242 
culmination of an overarching selective pressure or general evolutionary trend toward 243 
toothlessness across Avialae. However, transitions  toothlessness in all or part of the jaw 244 
evolved via alternative pathways among Mesozoic avial ns (Fig. 3), and these do not appear 245 
to have been associated with increased speciation rates or reduced extinction rates (Fig. 1). It 246 
is clear that the apparently irreversible transition t  neornithine edentulism reflects only one 247 









Avialae, Theropoda, and Reptilia more broadly (Louchart, and Viriot, 2011; Dumont et al. 249 
2016; Pérez-Moreno et al. 1994; Ma et al. 2017; Li et al. 2008), and that at least some 250 
independently edentulous non-crown avialans were present in the Late Cretaceous 251 
(Elzanowski 1977; Chiappe et al. 2001). We suggest that the ubiquity of the toothless beak 252 
among Neornithes simply reflects the sole survival of this single edentulous avialan subclade 253 
across the end-Cretaceous mass extinction event, and h t neornithine survival may have had 254 
little to do with any specific advantages conferred by toothlessness. This interpretation 255 
emphasizes the potential for historical contingencis to govern the origin of some of the most 256 
ubiquitous morphological patterns observable in the modern world. 257 
 258 
Acknowledgements 259 
We thank Albert Chen for helpful comments and Juan Be ito for assistance with figures. 260 
NB’s research was supported by Deutsche Forschungsgemeinschaft grant no. BR 5724/1-1p. 261 
DJF’s research is supported by UKRI Future Leaders F llowship MR/S032177/1 and Royal 262 
Society Research Grant RGS/R2/192390. 263 
 264 
Author contributions 265 
Conceptualization: NB, DJF 266 
Methodology: NB 267 
Data: DJF 268 
Analysis: NB 269 
Writing: NB, DJF 270 
 271 
Declaration of interests 272 












Beaulieu, J. M., and O’Meara, B. C. (2016) Detecting hidden diversification shifts in models 276 
of trait-dependent speciation and extinction. Syst. Biol. 65, 583-601  277 
Bollback, J. P. (2005). SIMMAP: stochastic character mapping of discrete traits on 278 
phylogenies. BMC Bioinf. 7, 88 279 
Brocklehurst, N., Upchurch, P., Mannion, P. D., andO’Connor, J. (2012). The completeness 280 
of the fossil record of Mesozoic birds: implications for early avian evolution. PLoS 281 
ONE 7, e39056 282 
Chiappe, L. M., Norell, M., & Clark, J. (2001). A new skull of Gobipteryx minuta (Aves: 283 
Enantiornithes) from the Cretaceous of the Gobi Desert. Am. Mus. Novitat. 3346, 1-284 
15. 285 
Close, R. A., Friedman, M., Lloyd, G. T., and Benso, R. B. (2015). Evidence for a mid-286 
Jurassic adaptive radiation in mammals. Curr. Biol., 25, 2137-2142. 287 
Clyde, W. C., Ramezani, J., Johnson, K. R., Bowring, S. A. & Jones, M. M. (2016) Direct 288 
high precision U–Pb geochronology of the end-Cretaceous extinction and calibration 289 
of Paleocene astronomical timescales. Earth Planet. Sci. Lett. 452, 272-280 290 
Collin, R., and Miglietta M. P. (2008) Reversing opinions on Dollo’s Law. Trends Ecol. 291 
Evol. 23, 602-609 292 
Davis, M. P., Midford, P. E., and Madisson, W. (2013). Exploring power and parameter 293 
estimation of the BiSSE method for analysing species d versification. BMC Biol. 13, 294 
38 295 
Davit-Béal, T., Tucker, A. S. and Sire, J-Y. (2009) Loss of teeth and enamel in tetrapods: 296 
fossil record, genetic data and morphological adaptations. J. Anat. 214, 477-501  297 










Dumont, M., Tafforeau, P., Bertin, T., Bhullar, B.A., Field, D., Schup, A. Strilisky, B., 299 
Thivichon-Prince, B., Viriot, L. and Louchart, A. (2016). Synchrotron inaging of 300 
dentition provides insights into the biology if Hesperornis and Ichthyornis, the “last” 301 
toothed birds. BMC Evol. Biol. 16, 178 302 
Elzanowski, A. (1977). Skulls of Gobipteryx (Aves) from the upper Cretaceous of Mongolia. 303 
Acta Paleontol. Pol. 37, 153-165 304 
Feduccia, A. (1995). Explosive evolution in Tertiary birds and mammals. Science 267, 637-305 
638. 306 
Feduccia, A. (1998). The Origin and Evolution of Birds, 2nd ed. (New Haven: Yale 307 
University Press) 308 
Field, D. J., Bercovici, A., Berv, J. S., Dunn, R.,Fastovsky, D. E., Lyson, T. R., Vajda, V. 309 
and Gauthier, J. A. (2018a). Early evolution of modern birds structured by global 310 
forest collapse at the end-Cretaceous mass extinction. Curr. Biol. 28, 1825-1831 311 
Field, D. J., Hanson, M., Burnham, D., Wilson, L. E., Super, K., Ehret, D., Ebersole, J. A., 312 
and Bhullar, B-A. S. (2018b). Complete Ichthyornis skull illuminates mosaic 313 
assembly of the avian head. Nature 557, 96-100  314 
Field, D. J., Benito, J., Chen, A., Jagt, J. W. andKsepka, D. T. (2020). Late Cretaceous 315 
neornithine from Europe illuminates the origins of crown birds. Nature, 579, 397-401. 316 
FitzJohn, R. G., Maddison, W. P., & Otto, S. P. (2009). Estimating trait-dependent speciation 317 
and extinction rates from incompletely resolved phylogenies. Syst Biol, 58, 595-611. 318 
Gould, S. J. (1970) Dollo on Dollo’s law: irreversibility and the status of evolutionary laws. J. 319 
Hist. Biol. 3, 189-212  320 
Grealy, A., Philips, M., Miller, G., Gilbert, M. T. P., Rouillard, J-M. Lambert, D., Bunce, M., 321 









through ancient nuclear and mitochondrial DNA from Madagascn elephant bird 323 
(Aepyornis sp.) eggshell. Mol. Phyl. Evol. 109: 151-163  324 
Harris, M. P., Hasso, S. M., Ferguson, M. W., and Fallon, J. F. (2006). The development of 325 
archosaurian first-generation teeth in a chicken mutant. Curr. Biol. 16, 371-377  326 
Harvey, M. G., & Rabosky, D. L. (2018). Continuous traits and speciation rates: alternatives 327 
to statedependent diversification models. Method Ecol Evol, 9, 984-993. 328 
Heath, T. A., Huelsenbeck J. P., and Stadler T. (2014). The fossilized birth-death process for 329 
coherent calibration of divergence-time estimates. Proc. Nat. Acad. Sci. 111, E2957-330 
2966  331 
Helms, J. A., & Schneider, R. A. (2003). Cranial skeletal biology. Nature, 423, 326-331. 332 
Hu, H., & O'Connor, J. K. (2017). First species of Enantiornithes from Sihedang elucidates 333 
skeletal development in Early Cretaceous enantiornihines. J. Syst. Paleontol, 15, 909-334 
926.  335 
Hu, H., O’Connor, J., Wroe, S., McDonald, P., and Zhou, Z. (2019). First complete skull 336 
three-dimensionally reconstructed from Early Cretacous birds. J. Vert. Paleontol, 337 
Program and Abstracts, 121 338 
International Chicken Polymorphism Map Consortium (2004). A genetic variation map for 339 
chicken with 2.8 million single-nucleotide polymorphisms. Nature 432, 717-722  340 
Jablonski, D. (2008). Species selection theory and data. Annu. Rev. Ecol. Evol. 39, 501-504 341 
Kass RE, Raftery AE. 1995. Bayes factors and model uncertainty. J Am Statist Ass 254, 1-53 342 
Kennedy, P. G. (1948). Birds of the Countryside Part XIX: Mergansers and Grebes. Studies, 343 
37, 75-83 344 
Kirwan, G.M., and Green, G. (2012). Cotigas and manakins. Priceton University Press 345 
Ksepka, D. T., Grande, L., and Mayr, G. (2019). Oldest finch-beaked birds reveal parallel 346 










Larson D. W., Brown, C. M., and Evans, D. C. (2016). Dental disparity and ecological 348 
stability in bird-like dinosaurs prior to the end-Cretaceous mass extinction. Curr. Biol. 349 
26, 1325-1333 350 
Lautenschlager, S., Witmer, L. M., Altangerel, P., and Rayfield, E. J. (2013) Edentulism, 351 
beaks, and biomechanical innovations in the evolution of theropod dinosaurs. Proc. 352 
Nat. Acad. Sci. 110, 20657-20662 353 
Li, C., Wu, X. C., Rieppel, O., Wang, L. T., & Zhao, L. J. (2008). An ancestral turtle from 354 
the Late Triassic of southwestern China. Nature, 456 97-501. 355 
Longrich, N. R., Tokaryk, T., and Field, D.J. (2011). Mass extinction of birds at the 356 
Cretaceous-Paleogene (K-Pg) boundary. Proc. Nat. Acd. Sci. 108, 15253-15257 357 
Louchart, A., and Viriot, L. (2011). From snout to beak: the loss of teeth in birds. Trends 358 
Ecol. Evol. 26, 663-673 359 
Louchart, A., Sire, J. E., Mourer-Chauviré, C., Geraads, D., Viriot, L., and de Buffrenil, V. 360 
(2013). Structure and growth pattern of pseudoteeth in Pelagornis mauretanicus 361 
(Aves, Odontopterygiformes, Pelagornithidae). PloS one 8, e80372 362 
Louchart, A., De Buffrénil, V., Bourdon, E., Dumont, M., Viriot, L., & Sire, J. Y. (2018). 363 
Bony pseudoteeth of extinct pelagic birds (Aves, Odontopterygiformes) formed 364 
through a response of bone cells to tooth-specific ep thelial signals under unique 365 
conditions. Sci Rep, 8, 1-9. 366 
Ma, W., Wang, J., Pittman, M., Tan, Q., Tan, L., Guo, B. and Xu, X. (2017). Functional 367 
anatomy of a giant toothless mandible from a bird-like dinosaur: Gigantoraptor and 368 
the evolution of the oviraptorosaurian jaw. Scientific reports, 7, 1-15. 369 
Mayr, G. (2016). Avian evolution: the fossil record of birds and its paleobiological 370 










Meredith, R. W., Zhang, G., Gilbert, M. T. P., Jarvis, E. D., and Springer, M. S. (2014). 372 
Evidence for a single loss of mineralized teeth in the common avian ancestor. Science 373 
346, 1254390  374 
Meredith, R. W., Gatesy, J., Springer, M. S. (2014). Molecular decay of enamel matrix 375 
protein genes in turtles and other edentulous amniotes. BMC Evol. Biol. 13, 20 376 
Naish, D. 2014. The fossil record of bird behaviour. J. Zool. 292, 268-280 377 
O’Connor, J. (2019). The trophic habits of early birds. Palaeogeogr, Palaeoclim, Palaeoecol 378 
513, 178-195 379 
O’Connor, J (2020). The evolution of the modern avian digestive system: insights from 380 
paravian fossils from the Yanlioa and Jehol biotas. Palaeontology 63, 13-27 381 
O’Connor, P.M., Turner, A.H., Groenke, J.R. et al. (2020). Late Cretaceous bird from 382 
Madagascar reveals unique development of beaks. Nature 588, 272–276 383 
Pagel, M. (1995) Detecting correlated evolution on phylogenies: a general method for the 384 
comparative analysis of discrete characters. Proc. R. Soc. B 255, 37-45 385 
Pagel, M. & Meade, A. (2006). Bayesian anaglysis of correlated evolution of discrete 386 
characters by reversible jump Markov Chain Monte Carlo. Am. Nat. 167, 808-825 387 
Pérez-Moreno, B.P., Sanz, J.L., Buscalioni, A.D., Moratalla, J.J., Ortega, F. and Rasskin-388 
Gutman, D. (1994). A unique multitoothed ornithomimosaur dinosaur from the Lower 389 
Cretaceous of Spain. Nature, 370,363-367. 390 
Proctor, N. S., and Lynch, P. J. (1998) Manual of Ornithology: Avian Structure and Function. 391 
(New Haven: Yale University Press) 392 
Prum, R. O., Berv, J. S., Dornburg, A., Field, D. J., Townsend, J. P., Lemmon, E. M., and 393 
Lemmon, A. R. (2014). A comprehensive phylogeny of birds (Aves) using targeted 394 










R Core Team (2017). R: A language and environment for statistical computing. (Vienna, 396 
Austria: R Foundation for Statistical Computing) 397 
Rabosky, D. L. and McCune, A. R. (2010). Reinventing species selection with molecular 398 
phylogenies. Trends Ecol. Evol. 25, 68-74 399 
Rabosky, D. L., and Goldberg, E. E. (2017) FiSSE: A simple nonparametric test for the 400 
effects of a binary character on lineage diversification rates. Evolution 71: 1432-1442  401 
Revell, L. J. (2013). phytools: an R package for phylogenetic comparative biology Meth. 402 
Ecol. Evol. 3, 217-223 403 
Ronquist, F. and Huelsenbeck, J. P. (2003) MrBayes 3: Bayesian phylogenetic inference 404 
under mixed models. Bioinformatics 19, 1572-1574  405 
Schneider, R. A., & Helms, J. A. (2003). The cellular and molecular origins of beak 406 
morphology. Science, 299, 565-568. 407 
Turner, A. H., Makovicky, P. J., and Norell, M. A. (2012) A review of dromaeosaurid 408 
systematics and paravian phylogeny. Bull. Am. Mus. Nat. Hist. 371, 1-206. 409 
Wang, X., Luis, C. M. Fangfang, T. and Qiang, J. (2013). Xinghaiornis lini (Aves: 410 
Ornithothoraces) from the Early Cretaceous of Liaonng: an example of evolutionary 411 
mosaic in early birds. Acta Geol Sin. 87, 686-689 412 
Wang, S., Stiegler, J., Wu, P., Chong, C.-M. Hu, D., Balanoff, A., Zho, Y., and Xing, X. 413 
(2017). Heterochronic truncation of odontogenesis in theropod dinosaurs provides 414 
insight into the macroevolution of avian beaks. Proc. Nat. Acad. Sci. 114, 10930-415 
10935  416 
Wang, S., Stiegler, J., Wu, P. & Chuong, C.-M (2020a). Tooth vs. beak: the evolutionary 417 
developmental control of the avian feeding apparatus. Pp 205-228 In Pennaraptoran 418 
Theropod Dinosaurs: Past Progress and New Frontiers ( ds Pittman, M. & Xu, X.). 419 










Wang, M., O’Connor, J., Zhou, S., and Zhou, Z.-H. (2020b). New toothed Early Cretaceous 421 
ornithuromorph bird reveals intraclade diversity in pattern of tooth loss. J. Syst. 422 
Paleontol 18, 631-645  423 
Wiens, J. J. (2011) Re-evolution of lost mandibular teeth in frogs after more than 200 million 424 
years, and re-evaluating Dollo’s law. Evolution 65,1283-1296  425 
Yang, T. R., and Sander, P. M. (2018) The origin of the bird’s beak: new insights from 426 
dinosaur incubation periods. Biol. Lett. 14, 2018009 .  427 
Zheng, X., O’Connor, J., Wang, X., and Zhou, Z. (2018). Reinterpretation of a previously 428 
described Jehol bird clarifies early trophic evoluti n in the Ornithuromorpha. Proc R 429 
Soc B 285, 20172494. 430 
Zhou, Z-H., and Zhang, F-C. (2002) A long-tailed, seed-eating bird from the Early 431 
Cretaceous of China. Nature 418, 405-409 432 
Zhou, Z. H. and Zhang, F. C. (2006) A beaked basal ornithurine bird (Aves, Ornithurae) from 433 
the Lower Cretaceous of China. Zool. Scr. 35, 363-37   434 
Zhou, Z. H., Li, Z. H., and Zhang, F. C. (2009). A new Lower Cretaceous bird from China 435 
and tooth reduction in early avian evolution. Proc. Biol. Sci. 277, 219-227 436 
Zhou, Y.C., C. Sullivan, and F.C. Zhang. (2019). Negligible effect of tooth reduction on body 437 
mass in Mesozoic birds. Vert PalAs 57, 38-50 438 
 439 
 440 
Figure Captions 441 
Figure 1. Results of state-dependent diversification analyses. A) Violin plots showing 442 
speciation rates of toothed and toothless avialan lineages through the Mesozoic inferred from 443 
FiSSE analysis. Width of violins indicates the density of speciation rate values inferred from 444 










diversification rates and presence/absence of teeth) and Trait-dependent (diversification rates 446 
depend on presence/absence of teeth) models inferred from HiSSE analysis. Width of the 447 
violin indicates the density of Akaike weights scores inferred from the 100 trees. Ichthyornis 448 
(toothed stem avialan) skull model modified from (Field et al. 2018), and Asteriornis 449 
(toothless crown bird) skull model modified from (Field et al. 2020). 450 
 451 
Figure 2. Violin plots showing support for models of dependent (integrated) vs. independent 452 
(modular) evolution of discrete dental characters. Width of the violin indicates the density of 453 
Akaike weights scores inferred from the 100 trees. A) Results for degree of integration of 454 
presence/absence of teeth in the premaxilla (red bone) and maxilla (green bone). B) Results 455 
for degree of integration of presence/absence of teeth in the anterior and posterior portions of 456 
the dentary (blue bone). Ichthyornis skull models modified from (Field et al. 2018). 457 
 458 
Figure 3. Evolution of complete tooth loss in ancestrally tooth-bearing jaw bones across 459 
Avialae. A-C) Maximum clade credibility trees with branch colours corresponding to the 460 
proportion of stochastic maps indicating a toothless state along phylogenetic branches 461 
through time. A) Results for Premaxilla; B) Results for Maxilla; C) Results for Dentary. D-E) 462 
Histogram indicating estimates of the point in Earth history when the transition to 463 
toothlessness homologous with that of crown birds took place in various jaw bones: (D) the 464 
maxilla (the last tooth-bearing bone in the upper jaw along the neornithine stem lineage) and 465 
(E) the dentary (lower jaw). Ichthyornis skull models modified from (Field et al. 2018). 466 
 467 
Tables  468 
 469 










Inferred for the best models of evolution of toothlessness in each region of the jaw, fit to the 471 
Maximum Clade Credibility tree. Character score of 0 = presence of teeth; 1 = absence of 472 
teeth. 473 
  Transition 
probabilities 
To    
 Model From 0 | 0 0 | 1 1 | 0 1 | 1 
Premaxilla | Maxilla Independent ARD 0 | 0 - 0.016 0.016 0 
  0 | 1 0 - 0 0 
  1 | 0 0 0 - 0.016 
  1 | 1 0 0 0 - 
Anterior dentary | 
Posterior dentary  
Dependent ARD 0 | 0 - 0.029 0.238 0 
  0 | 1 0 - 0 0.052 
  1 | 0 0 0 - 0 
  1 | 1 0 0 0 - 
 474 
 475 
Supplementary Data 2: Code for running the analysis, along with the necessary analysis files 476 
In file Supplementary_Data_2.zip. Related to Figs 1-3. Files within zip file include: 477 
mcc_tree.tre (maximum clade credibility tree); posterior_trees.t (posterior distribution of 478 
trees); Supplementary_Script.R (R script used in analysis); tooth_char.csv (the characters 479 
representing the presence and absence of teeth in each file); traitDependent_functions.R 480 































• The evolutionary processes underlying tooth loss in Mesozoic birds is debated. 
• Analyses reveal no long-term selective pressure or trend towards toothlessness. 
• Tooth loss was likely a result of local selective pressures on individual lineages. 
• The transition to crown bird toothlessness occurred later than previously hypothesized 
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